A number of D-amino acids occur in nature, and there is growing interest in their function and metabolism, as well as in their production and use. Here we use the well-established L-amino-acid-producing bacterium Corynebacterium glutamicum to study whether D-amino acid synthesis is possible and whether mechanisms for the export of these amino acids exist. In contrast to Escherichia coli, C. glutamicum tolerates D-amino acids added extracellularly. Expression of argR (encoding the broad-substrate-specific racemase of Pseudomonas taetrolens) with its signal sequence deleted results in cytosolic localization of ArgR in C. glutamicum. The isolated enzyme has the highest activity with lysine (100%) but also exhibits activity with serine (2%). Upon overexpression of argR in an L-arginine, L-ornithine, or L-lysine producer, equimolar mixtures of the D-and L-enantiomers accumulated extracellularly. Unexpectedly, argR overexpression in an L-serine producer resulted in extracellular accumulation of a surplus of D-serine (81 mM D-serine and 37 mM L-serine) at intracellular concentrations of 125 mM D-serine plus 125 mM L-serine. This points to a nonlimiting ArgR activity for intracellular serine racemization and to the existence of a specific export carrier for D-serine. Export of D-lysine relies fully on the presence of lysE, encoding the exporter for L-lysine, which is apparently promiscuous with respect to the chirality of lysine. These data show that D-amino acids can also be produced with C. glutamicum and that in special cases, due to specific carriers, even a preferential extracellular accumulation of this enantiomer is possible.
Corynebacterium glutamicum is well known for its extraordinary L-amino acid production properties. Its most prominent feature is probably its capacity to produce L-glutamate, 1.8 million tons of which are currently produced per year and used as a sodium salt to be added to food (24) . Another amino acid made with C. glutamicum is L-lysine, which is required for animal nutrition. Indeed, over the years, C. glutamicum strains have been developed for the production of almost all the L-amino acids with commercial potential. For instance, our own group has contributed to the development of C. glutamicum strains producing L-isoleucine (7) , L-valine (30) , L-threonine (5) , and L-serine (37) .
Obviously, given the success of amino acid production by C. glutamicum and other bacteria, and the fact that sugar is a renewable substrate, bacterial production of further compounds has great appeal. Processes to enable the production of succinate (28) , lactate (29) , cadaverine (14) , putrescine (32), 2-oxoisovalerate (19) , and isobutanol (35) by C. glutamicum have been described. D-Amino acids constitute another interesting group of products, although their direct biotechnological production by bacteria has not yet been investigated. A significant reason is probably that it is unclear whether the cell can tolerate the coexistence of D-and L-amino acids. In fact, the growth of Lactobacillus arabinosus is inhibited by D-leucine (9) ; Escherichia coli and Staphylococcus aureus are inhibited by D-leucine, D-alanine, or D-valine (17) . D-Serine inhibits E. coli at a concentration of just 20 mM (39) , and 15 mM D-serine, D-lysine, or D-proline has been shown to amplify growth inhibition under osmotic stress (33) . For E. coli K37, D-glutamate, D-threonine, D-lysine, D-valine, D-cysteine, or D-serine at a concentration of 10 mM or less causes a 2-fold decrease in the final optical density (36) .
Currently, D-amino acids are produced by different methods and are used mostly as building blocks in chemistry (43) . Their production often starts with the L-amino acid and its racemization, due to the unrivaled bacterial production of L-amino acids. In further procedures to derive the D-enantiomer, a number of different physicochemical or biocatalytic treatments are required. Here we present experiments designed to reduce the number of steps required for D-amino acid production by producing racemic mixtures of DL-amino acids directly from C. glutamicum.
MATERIALS AND METHODS
Strains and cultivation. The wild-type (WT) Corynebacterium glutamicum strain ATCC 13032 or its recombinant derivatives were used throughout. For recombinant work, E. coli DH5␣ was used; it was grown at 37°C in Luria-Bertani broth (1). All C. glutamicum strains utilized are listed in Table 1 . For Lys, Arg, or Orn production, strains were pregrown overnight at 30°C on the complex medium CGIII (31) and were inoculated into the defined minimal medium CGXII (31) with 4% (wt/vol) glucose as a substrate (CGXII-glucose) to an initial optical density at 600 nm (OD) of 1. Serine formation required an intermediate cultivation on CGXII-glucose to deplete Ser4 and its derivatives of folate. For this purpose, cells were pregrown on CGIII overnight, inoculated into CGXIIglucose to an OD of 1, and grown for 10 h. These cultures were used to inoculate fresh CGXII-glucose medium to an OD of 1, and their production and growth was followed in detail. D-Amino acids and the dipeptide L-Lys-L-Ala were sterile filtered as stock solutions and were added to CGXII after autoclaving.
Molecular work. The primers used in this study are listed in Table 2 . For the construction of pEKEx3-ArgR, arg was amplified from pET11b-argR (22) using primers argR-PstI (fw) and argR-BamHI (rev). The product was treated with PstI/BamHI and was ligated with similarly treated pEKEx3. The construction of pEKEx3-SP-ArgR was similar, but primers argR-SP-PstI (fw) and argR-BamHI (rev) were used. For the construction of pEKEx3-TorA-ArgR, primers argREsp3I (fw) and argR-Esp3I (rev) were used with pEKEx3-ArgR as the template. The resulting fragment was treated with Esp3I and was ligated with EcoRIcleaved pEKEx2-TorA-MalE. To enable the isolation of ArgR, primers argRNdeI (Fw) and argR-XhoI (rev), with pEKEx3-ArgR as the template, served for argR amplification. The product was treated with NdeI/XhoI and was ligated with similarly treated pET22b(ϩ). To construct pVWEx2-argB(A49VM54V), mutated argB was amplified from pEKEx3-argB(A49VM54V) (32) using primers argB-Cg-SalI (fw) and argB-Cg-BamHI (rev). The product was treated with SalI/BamHI, ligated with similarly treated pVWEx2, and used to transform E. coli DH5␣ to tetracycline resistance (15 g ml
Ϫ1
). The inserts of all plasmids made were confirmed by sequencing. Plasmids were introduced into C. glutamicum by electroporation. This technique, as well as other methods specific for C. glutamicum, such as plasmid isolation, was used as described previously (31) .
Localization studies. Cells were grown overnight on CGIII with antibiotics (50 g kanamycin [Kan] ml Ϫ1 and/or 250 g spectinomycin [Spec] ml Ϫ1 ), and corresponding cultures were used to inoculate the main culture with an antibiotic to an OD of 1. At the same time, 0.1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) was added. After further cultivation for 24 h, 4-ml cultures were harvested by centrifugation (10 min, 16,000 ϫ g). The proteins in the supernatant were precipitated with trichloroacetic acid (final concentration, 10%), harvested by centrifugation, subsequently washed with 100% and 80% acetone, and dissolved in 80 l of 50 mM Tris-HCl (pH 7.5) at 37°C. The pelleted cells were dissolved in 200 l lysis buffer (10 mM Tris-HCl [pH 8.0], 25 mM MgCl 2 , 200 mM NaCl), and cells were disrupted by bead beating for 3 min using a SpeedMill P12 system (Analytik Jena). The supernatant obtained after centrifugation served as the extract that was analyzed by polyacrylamide gel electrophoresis (PAGE). The volume of extract ( Fig. 1, E) used was equivalent to an OD of 0.5, whereas that of the supernatant (Fig. 1, S) corresponded to an OD of 1.5.
Protein work. To obtain ArgR protein, E. coli C41(DE3) pET22b(ϩ)argR was grown in 100 ml LB at 37°C. After initial growth to an OD of 0.4 to 0.5, IPTG was added to give a concentration of 0.4 mM, and the cells were further cultivated at 30°C for 4 to 6 h. Cells were harvested, disrupted by sonication, and centrifuged, and the clear supernatant was applied to a 1-ml Ni 2ϩ -nitrilotriacetic acid (NTA)-agarose column. After a wash with a buffer consisting of 50 mM NaH 2 PO 4 ⅐ H 2 O, 300 mM NaCl, and 10 mM imidazole (pH 8), unspecific proteins were eluted in two additional wash steps with the same buffer but containing increased concentrations of 60 and 100 mM imidazole. ArgR was eluted with the buffer containing 250 mM imidazole.
In order to quantify racemase activity, the extracts were first passed through PD-10 columns (Amersham Biosciences, Freiburg, Germany) equilibrated with 10 mM 3-(cyclohexylamino)-1-propanesulfonic acid (CAPS) (pH 10). In the assay, 30 to 800 g total-cell protein or 2 to 200 g isolated ArgR protein was used. Besides protein, the assay mixture contained 10 mM CAPS (pH 10), 250 nM pyridoxal-5Ј-phosphate, and 50 mM substrate (either L-arginine, L-lysine, 
The assay mixture was incubated at 37°C, and at different intervals, 150-l aliquots were removed, mixed with 50 l of 10% trichloroacetic acid, and either frozen prior to analysis or directly subjected to reversedphase high-performance liquid chromatography (RP-HPLC) for amino acid quantification. Amino acid determination. Intracellular amino acids were quantified using silica oil centrifugation (16) . In brief, 400-l Beckman tubes (Beckman Instruments GmbH, Munich, Germany) containing 30 l of 20% (vol/vol) perchloric acid with an overlay of 65 l silica oil (, 1.04 g cm Ϫ3 ) were prepared. A 200-l sample of the cell suspension was added to the tube, which was immediately centrifuged (for 45 s at 13,750 rpm in a Microfuge E centrifuge [Beckman Instruments GmbH, Munich, Germany]) to separate the medium from the cells. Cells were pelleted and inactivated in the bottom perchloric acid phase, whereas the medium was found on top of the oil. The cellular fraction was further treated by sonication, neutralized with 5 M KOH-1 M triethanolamine, and centrifuged as described previously (12) . The resulting supernatant was analyzed by RP-HPLC for amino acids resulting from the cytosol, as was the fraction containing amino acids in the medium. For calculation purposes, it was assumed that an OD of 1 corresponded to 0.3 mg (dry weight) ml Ϫ1 and that the cell volume was 1.6 l mg (dry weight) Ϫ1 (12) . Quantification of D-and L-amino acids was performed by automatic precolumn derivatization using the chiral thiol butyloxycarbonyl (Boc)-L-cysteine (10), which enables the formation of strongly fluorescent diastereomeric isoindole derivatives. The derivatization reagent was prepared by mixing 5 ml solution A (0.4 M borate buffer [pH 10.4]) with 0.1 ml solution B (75 mg ml Ϫ1 o-phthaldialdehyde and 75 mg ml Ϫ1 Boc-L-cysteine dissolved in methanol). Amino acid derivatives were separated by RP-HPLC (LiChrospher 100 RP-18 end-capped [EC] column; particle size, 5 m; dimensions, 125 by 4 mm) using a gradient of 0.1 M sodium acetate (pH 7.2) with increasing methanol concentrations. Detection was performed at 450 nm, with an excitation wavelength of 230 nm. The entire analysis was conducted with an Agilent 1100 ChemStation.
RESULTS
Influence of D-amino acids on bacterial growth. Corynebacterium glutamicum was grown on the minimal medium CGXIIglucose, to which individual D-amino acids were added to give a final concentration of 100 mM. As can be seen in Table 3 In all cases, the maximal OD reached in the stationary phase was not significantly affected.
Determination of the levels of D-amino acids in the culture supernatant after 48 h revealed that D-Thr, D-Arg, D-Lys, and D-Met concentrations were not significantly reduced in the three biological replicates analyzed (Table 3) . In contrast, DSer was reduced to a concentration of 77 Ϯ 8 mM and thus was apparently partly metabolized. D-Ala, with a remaining concentration of 3 Ϯ 1 mM, was almost fully consumed. Since the L-Ala concentration was also low (Յ4 mM), it is most likely that D-Ala was converted to pyruvate via ubiquitous alanine racemase (27) and transaminase activities (20) . Direct incorporation of D-Ala into peptidoglycan is also possible (38) .
Racemase selection and localization. Like almost every bacterium, C. glutamicum has alanine and glutamate racemase for cell wall synthesis. These enzymes are substrate specific (27, 38) and consequently are not suited for the racemization of other amino acids. We therefore searched for other racemases and selected the broad-substrate-specific arginine racemase of Pseudomonas taetrolens for the catabolism of D-amino acids (44) . However, this racemase possesses a signal peptide resulting in translocation via the Sec system and has been demonstrated to be present in the periplasmic space in both P. taetrolens and E. coli (22) . We therefore first studied arginine racemase and its derivatives for their localization in C. glutamicum.
The argR gene (GenBank accession no. AB096176) encoding the racemase was cloned into pEKEx3 to yield pEKEx3-SP-ArgR and was also cloned without the 5Ј end, coding for a signal sequence of 23 amino acids, to yield pEKEx3-ArgR. In addition, plasmid pEKEx3-TorA-ArgR was constructed, where the signal sequence was replaced by the signal peptide sequence of the trimethylamine N-oxide (TMAO) reductase (TorA) of E. coli, which enables Tat-dependent translocation of folded proteins together with their cofactor (2). C. glutamicum was transformed with either of these plasmids or with pEKEx3 as a control. The recombinant strains were grown in the complex medium CGIII in the presence of 0.1 mM IPTG for 24 h, and subsequently, proteins from crude extracts and culture supernatants were prepared for sodium dodecyl sulfate (SDS)-PAGE analysis (Fig. 1) .
Whereas the extracts (E) and supernatants (S) of C. glutamicum(pEKEx3) and of C. glutamicum(pEKEx3-SP-ArgR) did not reveal a dominant band that could be due to ArgR, a band of ϳ42 kDa was present in the extract of C. glutamicum(pEKEx3-ArgR) and was verified as ArgR protein by matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry (data not shown). Also, the relatively weak band present in the supernatant, possibly due to lysis of cells, was identified as ArgR. For pEKEx3-TorA-ArgR, ArgR was found to be localized largely in the supernatant, and to a minor extent also in the extract, again as verified by MALDI-TOF analyses. With pEKEx3-TorA-ArgR, ArgR has an increased molecular mass of ϳ43 kDa due to 11 additional amino acids resulting from a linker and TorA se- quences. The data obtained with the TorA signal sequence suggest that extracellularly produced ArgR protein could possibly be used. However, we focused on the application of cytosolic ArgR, produced with pEKEx3-ArgR, which has no signal sequence.
Comparison of ArgR activities. To assay for specific racemase activities, argR without the signal sequence was cloned into pET22b(ϩ), expressed in E. coli C41(DE3), and isolated as ArgR-His 6 protein via affinity chromatography. From a 500-ml culture, about 7.5 mg ArgR-His 6 was isolated; it exhibited the expected size of ϳ42 kDa and no significant impurities upon SDS-PAGE analysis (data not shown). Racemase activity was assayed with the purified ArgR-His 6 protein and with a crude extract prepared from C. glutamicum(pEKEx3-ArgR) grown in the presence of 0.1 mM IPTG. The resulting specific activities are shown in Table 4 . Isolated racemase exhibited the highest activity with lysine, followed by ornithine and arginine, findings that largely agree with previous data (22, 44) . Interestingly, the enzyme had significant racemase activity with serine as a substrate, which was previously unknown. With extracts of C. glutamicum(pEKEx3-ArgR), the specific activities based on total protein were naturally lower, but the activity ratios among the four amino acids were almost identical. In controls with extracts prepared from WT C. glutamicum, no racemase activity with any of the four amino acids was detectable. These promising data prompted us to assay pEKEx3-ArgR for its applicability to D-amino acid formation by C. glutamicum strains producing L-amino acids.
Production of D-serine. In earlier work, we engineered C. glutamicum to derive the L-serine producer C. glutamicum Ser4, whose folate auxotrophy is key to triggering L-serine accumulation (37) . This strain was transformed with pEKEx3-ArgR. The resulting strain and the control strains Ser4 and Ser4(pEKEx3) were assayed in minimal medium cultures for serine formation; the results are shown in Fig. 2 . As expected, the parent strain Ser4 accumulated 81 mM L-Ser. The presence of the empty plasmid pEKEx3 (in the absence of spectinomycin) apparently stressed the cell, resulting in growth retardation and altered L-Ser accumulation. Whereas the control strains formed no D-Ser, D-Ser accumulated extracellularly with strain Ser4(pEKEx3-ArgR), thus demonstrating the function of the engineered broad-substrate-specific racemase of Pseudomonas taetrolens in L-Ser-producing C. glutamicum. Interestingly, the D-enantiomer was even present in excess. At a fermentation time of 120 h, D-Ser was present at a concentration as high as 81 mM and L-Ser at a concentration of 37 mM.
D-Serine export. The preferential extracellular accumulation of D-Ser is surprising, since racemization is expected to occur within the cytosol, resulting in an equimolar mixture of the two Ser enantiomers. At most, an excess of L-Ser would be conceivable if the in vivo racemase activity were too low. In order to obtain information on this subject, we determined intracellular concentrations and excretion rates in a separate assay. For this purpose, Ser4(pEKEx3-ArgR) was grown as described above, but cells were removed after 15 h of cultivation and were transferred to an OD of 1 into new, prewarmed minimal medium cultures. This enabled extracellular Ser, which otherwise would have interfered with the determination of intracellular Ser levels, to be present at very low concentrations. The sample taken immediately after inoculation and subjected to silica oil centrifugation revealed that both Ser enantiomers were present at high cytosolic concentrations of about 75 mM each (Fig. 3) . Equimolar concentrations of the enantiomers were also present in samples taken 2 h and 4 h later, while the total intracellular Ser concentration increased from 150 mM to 250 mM. These data indicate that the in vivo ArgR activity of Ser4(pEKEx3-ArgR) is sufficient to obtain full racemization of the L-Ser produced within the cell.
The experiment described above also served to determine Ser excretion rates. Aliquots of the culture supernatant were removed at 20-min intervals and were analyzed for DL-Ser. The results are shown at the bottom of Fig. 3 Production of D-lysine. C. glutamicum DM1933 is an L-Lys producer that carries 3 point mutations and 1 deletion and has duplications of genes coding for L-lysine biosynthesis and Llysine export (3). We transformed this strain with pEKEx3-ArgR and with pEKEx3 as a control, and we assayed for growth and product formation in CGXII-glucose (Fig. 4, top) . Whereas the control accumulated 62 mM L-Lys in the culture supernatant, the strain expressing argR accumulated 26 mM L-Lys plus 29 mM D-Lys. In contrast to the situation with extracellular Ser accumulation (Fig. 2) , there was no preferential extracellular accumulation of one of the Lys enantiomers. Furthermore, the comparable growth of DM1933 with and without ArgR means that intracellular D-Lys does not have an unfavorable effect on the metabolism of C. glutamicum, as already concluded from the experiment with extracellular DLys addition (Table 3) .
D-Lysine export. There is apparently no preferred export of D-or L-Lys. Translocation of charged amino acids through lipid bilayers requires active export (18, 23) , and we have demonstrated that L-Lys export with C. glutamicum is fully dependent on the lysine exporter LysE (40) . We hypothesize here that D-Lys is also exported actively and that LysE might possibly translocate D-Lys, too. To assay for this, we used the dipeptide L-Lys-L-Ala, which is rapidly taken up by C. glutamicum and is hydrolyzed intracellularly, resulting in an increased cytosolic L-Lys concentration even in the wild type. When this experiment was carried out with C. glutamicum ⌬lysEG, in which the L-Lys exporter was deleted together with its transcriptional regulator, the strain was unable to excrete L-Lys (40) . As a consequence, L-Lys piled up intracellularly to reach concentrations exceeding 300 mM, resulting in growth arrest.
We grew C. glutamicum ⌬lysEG(pEKEx3-ArgR) and C. glutamicum ⌬lysEG(pEKEx3) overnight on the complex medium CGIII and transferred the cells into CGXII-glucose alone and in parallel into CGXII-glucose to which 3 mM L-Lys-L-Ala was added. Under the latter conditions, the growth of the strains was severely inhibited (Fig. 5A) , and neither L-Lys nor D-Lys was found extracellularly (Յ0.05 mM). Together with the fact that, due to pEKEx3-ArgR, D-Lys accumulates extracellularly in a background with lysEG present (Fig. 4) , this finding suggests that LysE is responsible for D-Lys export. For further verification, we grew the strains under conditions identical to those applied previously and quantified intracellular DL-Lys in the initial 6 h of cultivation. As can be seen in Fig. 5B , the control strain C. glutamicum ⌬lysEG(pEKEx3) accumulated L-Lys in its cytosol up to a bacteriostatic concentration of about 250 mM, whereas C. glutamicum ⌬lysEG(pEKEx3-ArgR) (Fig. 5C ) accumulated intracellularly an enantiomeric mixture reaching a similar concentration of 233 mM Lys (122 mM L-Lys plus 111 mM D-Lys). These results demonstrate the presence of a high intracellular D-Lys concentration, and they confirm that the mutant in which the lysine exporter is deleted is unable to export D-Lys. We thus conclude that LysE is promiscuous with respect to the D-and L-enantiomers of lysine.
Production of D-ornithine and D-arginine.
To further extend the spectrum of cellular D-amino acid production, we took the C. glutamicum L-ornithine producer ORN1 (32). We also deleted argR, which bears the same name as the racemase gene from P. taetrolens but in C. glutamicum encodes the transcriptional regulator of arginine synthesis, to yield C. glutamicum WT⌬argR. Furthermore, we cloned a gene encoding a feedback-resistant N-acetylglutamate kinase [argB(A49V M54V)] (13, 32) to yield pVWEx2-argB(A49VM54V). This vector was used to transform WT⌬argR to yield the L-Arg producer ARG2. Both ORN1 and ARG2 were transformed with pEKEx3-ArgR. Their product accumulations are shown in Fig. 4 (center and bottom). In both cases, roughly equimolar concentrations of the corresponding enantiomers accumulated. The final concentrations were 48 mM D-Orn plus 44 mM L-Orn and 3 mM D-Arg plus 3 mM L-Arg, respectively. The total concentrations were clearly dependent on the production capacities of the control strains without ArgR, which accumulated 75 mM L-Orn and 6 mM L-Arg, respectively.
DISCUSSION
As outlined in the introduction, there are numerous examples illustrating the sensitivity of E. coli (17, 33, 36) and other bacteria (9, 17) to added D-amino acids. In contrast, C. glutamicum is rather insensitive to D-amino acid addition. Even more interestingly, this is also the case when D-amino acids are formed intracellularly, which was observed for the first time in the present work. D-Ser is tolerated in C. glutamicum at cytosolic concentrations exceeding 75 mM without any strong influence on growth. It is known that the presence of a D-amino acid can result in its transfer onto tRNA(s) by aminoacyltRNA synthetases, as demonstrated for E. coli tyrosyl-, tryptophanyl-, aspartyl-, lysyl-, and histidyl-tRNA synthetases (4) . This harmful reaction is counteracted by the enzyme D-aminoacyl-tRNA deacylase, encoded by dtd in E. coli. The absence of dtd increases sensitivity to an added D-amino acid, and this is similarly the case in the absence of the deacylase in Saccharo- myces cerevisiae (4, 36) . A gene encoding D-aminoacyl-tRNA deacylase, NCgl1843, is also present in C. glutamicum. It is possible that high deacylase activity in this organism is one reason for its tolerance of D-amino acids.
The P. taetrolens ArgR racemase is apparently very suitable for providing C. glutamicum with new racemase activity. Although the in vivo specific activity with L-Ser is very low, at 3 mol min Ϫ1 (mg of protein) Ϫ1 , compared to the activity with Ϫ1 is excreted, which is still 2 orders of magnitude lower than the in vivo racemase activity. Therefore, it is export rather than racemase activity that is limiting, and the high cytosolic concentrations determined agree with this view. Export is recognized as a major issue in biotechnological production processes (reviewed in reference 6), although it is seldom considered. Moreover, the conclusion that weak in vivo racemase activity is sufficient to turn C. glutamicum into a D-amino acid producer offers the prospect of using ArgR or related enzymes to broaden the spectrum of D-amino acid production with C. glutamicum even further. For instance, it would be worthwhile to assay C. glutamicum L-Trp producers together with the mutated racemase BAR from Pseudomonas putida IFO 12996, which displays a specific activity of 52. and accumulation of D-Ser, rather than L-Ser, are preferred. This suggests the existence of an exporter with a preference for the D-enantiomer in C. glutamicum. In general, the export of bacterial metabolites has been little investigated, and the stereospecificity of transporters even less. One instance in which the components of metabolite export have been partially deciphered is L-Thr export by C. glutamicum (34) . This occurs by (i) passive diffusion, (ii) active export catalyzed by the threonine exporter ThrE (34) , and (iii) further active export by unknown carriers. Due to its related structure, Ser is also expected to be exported partly by diffusion (18, 23) , and this physical process, of course, relates to both enantiomers. Since ThrE also utilizes L-Ser as a substrate, it would be interesting to test the consequences of ThrE deletion for Ser accumulation. An example of the stereospecificity of transporters is the rabbit Na ϩ /glucose cotransporter, which favors the recognition of D-glucose over that of L-glucose (41) . Other examples relate to the specificity of drugs accepted by transporters, such as the proton-coupled folate transporter PCFT of Mammalia, which has 40-fold greater affinity for the folate analogue L-amethopterin than for D-amethopterin (25) . The indications obtained in the present work point to the presence of an enantiomerspecific exporter in C. glutamicum with a preference for accepting D-Ser, which has to be identified among the roughly 180 candidate exporter genes in the C. glutamicum genome (21, 42) .
In the case of D-Lys export by C. glutamicum, the data allow us to conclude that LysE accepts D-Lys just as efficiently as L-Lys. The broad substrate specificity of LysE with respect to the compounds accepted has already been recognized: LysE has been demonstrated to accept L-Lys, L-Arg, and L-His (40) . Cadaverine is also a substrate (our unpublished data), and canavanine could be a substrate, too. The present data show that LysE has even broader substrate specificity with respect to the stereochemistry of substrates, and this is the first example of the promiscuousness of an amino acid exporter in this regard, illustrating the potential of cells for the excretion of metabolites.
